The corrosiveness of many petroleum reserves as well as the need to process the extracted fluids at high temperatures creates a large and growing demand for steel structures with improved corrosion resistance (Ref. 1). It is often desirable to construct tanks, reactors, and piping from a low-cost metal, such as low-alloy steel, then line the component internally with costlier corrosion resistant (CR) metals, such as stainless steels or nickel alloys (Ref. 1). For instance, stainless steel cladding can be used to prevent sulfidation of low-chromium steel by sour crude (Ref. 2). The global trend is toward an increase in highly acidic (e.g., H 2 S laden) reserves (Refs. 3, 4) . Thus, a concomitant uptick in use of CR lining has occurred and is expected to continue (Ref.
mains internal to 100-500 mm diameter pipe (with a wall thickness of 10-20 mm) (Ref. 10) . Processing issues for fusion CR cladding include the high energy and time requirements (Ref. 10 ). Throughput is low for fusion CR cladding because weld overlay deposition rates are limited (Ref. 10) . The peak temperature for fusion welding of AISI type 309L stainless steel is 2000 to 2800 K (Ref. 11) , thus requiring considerable energy to melt and deposit the CR metal.
Metallurgical issues for fusion CR cladding include dilution, interdiffusion, and partitioning of elements during solidification. Effects include disbonding (Refs. [12] [13] [14] , decar-burization and grain coarsening of the base metal (Ref. 15) , and formation of hard and soft zones near the interface (Ref. 16 ). In petroleum refineries, disbonding was reported in the weld cladding compositional transition region (Ref. 17) . Interfacial cracking was also a common failure mode for welds of 316 stainless steel to alloy steel subjected to 100 MPa stress for 1000 h at 580°C (Ref. 18) . Two potential causes for cracking in fusion weld claddings include interfacial martensite (Ref. 19 ) and Type II austenite grain boundary, which will be addressed in detail in the discussion section (Ref. 20) .
Inertia Friction Weld Cladding
This work represents the initial stages of an investigation into the applicability of friction welding for suitability for future novel cladding applications. In IFW, two workpieces are brought together with the controlled application of pressure and rapid rotational motion to produce frictional heat and form a metallurgical bond at the interface (Refs. [21] [22] [23] . As a solid-state joining process, IFW can lower energy costs and significantly reduce processing time in compar-WELDING RESEARCH FEBRUARY 2019 / WELDING JOURNAL 51-s 25) , creating the opportunity to use friction welding for cladding carbon steel with corrosion-resistant alloys. The microstructural characteristics at the bond interface of friction welding clad will be investigated in this study.
Hot Roll Bond Cladding
HRB clad plates (and subsequently formed pipes) are frequently used in oil and gas production and refining (Ref. 8 
Objectives and Material Selection
In this work, the interfaces formed by the three cladding processes -fusion welding, IFW, and HRB cladding -were compared systematically. Hardness tests, scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), electron backscatter diffraction (EBSD), and light optical microscopy (LOM) were performed to enable thorough characterizations and comparison of the microstructures (i.e., phase consitituents and their morphology) at the interface. This study aimed to demonstrate the advantages of solidstate cladding, especially the friction cladding process, in controlling interface degradation.
The base plate materials chosen in this work were lowcarbon steels that are commonly used in petrochemical applications. The HRB cladding and inertia friction weld compositions for this study were the corrosion-resistant alloy, AISI type 304L stainless steel. For the fusion overlay cladding, Type E309L stainless steel was selected because it is often used as a transition layer for cladding carbon steel with austenitic stainless steel (Ref. 27) . Near the cladding interface, Type E309L (with elevated Cr and Ni) can result in a composition similar to that of Type 304L stainless steel due to dilution (Refs. 29, 30) .
Experimental Methods
Flux cored arc welding (FCAW) was performed to clad 1.6mm-( 1 ⁄ 16-in.-) diameter E309LT0-1 in six passes onto a 38-mm square bar of ASTM A108 grade 1018 steel. Cladding was accomplished using a Miller Axcess  450 operated at 28 V direct current electrode positive with 148 mm/s (350 in./min) wire feed rate. The contact tip to work distance was 16-19 mm (0.63-0.74 in.), and the shielding cup to work distance was 10-13 mm (0.40-0.51 in.). Travel speed was 3.8-5.1 mm/s (9-12 in./min). The cover gas was 75% Ar and 25% CO 2 flowing at 1.2 m 3 /h (40 ft 3 /h). The calculated average dilution of base metal into the weld metal for the first weld pass was 9%. The compositions of the 1018 steel base metal and as-deposited 309L are shown in Table 1 . A transverse sample through the dissimilar interface was extracted for analysis.
For interface evaluation purpose, friction claddings were produced between 25-mm-(1-in.-) diameter round bars of AISI 1018 steel (UNS G10180) and AISI Type 304L stainless steel (UNS S30403). 304L was selected for economic consideration, following the typical hot roll bond cladding practice. The compositions of the materials are given in Table 1 . The 1018 and 304L bars were machined to 100-mm (4-in.) lengths. The faying surfaces were cleaned with isopropyl alcohol to remove any lubricants or contaminants immediately before loading in the IFW equipment. A MTI model 120B inertia friction welding machine was used to produce the welds. The 1018 bar was held stationary, and the 304L bar was rotated. Both bars had 25 mm (1 in.) of "stick out" (bar exposed beyond the chucks). Processing parameters were similar to handbook nominal values (Ref. 31) , with a flywheel inertia of 0.805 kg·m 2 , rotation speed of 3100 rpm, and axial pressure of 148 MPa. A schematic of the friction welding process is available elsewhere (Ref. 31 ).
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Fig. 2 -Fusion weld cladding interface between the 1018 base metal and the deposit of 309L stainless steel: A -SEM image; B -LOM (2% Nital and Kallings 2 etch). Note the location of the EDS line scan in

Fig. 3 -Fusion weld cladding interface (A) composition and dilution gradient, and (B) calculated martensite start temperature.
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HRB clad plates with 2 mm of 304L stainless steel on 10mm-thick S235JR steel plate was provided by a commercial supplier. The composition of the cladding material is shown in Specimens were extracted perpendicular to each interface for characterization. Microhardness testing was performed using a Leco MHT220 hardness tester on surfaces vibratory polished with 0.04-m colloidal silica. Microhardness traces were made using a 500-g load with a dwell time of 12 s. Microhardness of individual phases was determined using a 25-g load (Ref. 33). A FEI Quanta 600i environmental SEM was used to examine the sample interfaces. An EDS line scan was used for compositional analysis. A JEOL JSM-7000F field emission SEM (FESEM) was also used to characterize the bond interfaces with a working distance of 18 mm. EBSD patterns for body centered cubic (BCC) ferrite and face centered cubic (FCC) austenite were collected using an EDAX AMETEK 9424 detector. EBSD data cleanup was performed using TSL-OIM Analysis 7. Inverse pole figure (IPF) maps were generated, with plot grain orientations in the crystallographic coordinate system (Ref. 34) . Metallographic characterization using optical microscopy was also performed. Nital (2%) etchant was used for the mild steel side of each sample. The stainless steel side of the fusion welds and inertia friction welds was etched with Kallings 2, and the HRB sample was etched with pure HCI. Etching took place by manually swabbing one side of the sample with each etchant. Note that this etching method reveals the microstructure of the clad and substrate separately.
Results
Microstructures of Base Metals and Claddings
The starting base metal and weld deposit or cladding microstructures are shown in Fig. 1 . The base 1018 and S235JR steel microstructures were similar for all cladding methods, thus Fig 
Fusion Cladding Interface Characteristics
Figure 2 reveals the transition microstructure at the interface for the fusion cladding. In Fig. 2A , 1018 steel was differentiated from the 309L alloy by compositional contrast using the SEM backscattered electron detector. The Vickers hardness measurement closest to the interface produced a relatively high reading of 406 HV, but 300 m further into WELDING RESEARCH FEBRUARY 2019 / WELDING JOURNAL 53-s
Fig. 4 -EBSD at the fusion weld cladding interface: A -Image quality map (shading) overlaid with phase map (color); B -inverse pole figure (IPF) grain orientation map for BCC; C -IPF orientation map for FCC.
Fig. 5 -Inertia friction weld interface near center between 1018 steel and 304L stainless steel: A -SEM image; B -LOM. Note the location of the EDS line scan in Fig. 6 (2% Nital and Kallings 2 etch).
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C the weld deposit, the hardness was much lower, 198 HV, as shown in Fig. 2A . The location of the EDS compositional line scan is given in orange, and the location of the LOM image in Fig. 2B is outlined in purple. The microhardness trace across the dissimilar alloy interface using a 25-g load can be found in Fig. 2B . Four hardness readings were greater than 300 HV. After etching, it was evident that the region with high hardness was not accentuated by either etchant. This unetched layer varied in thickness, but at the location of the hardness readings it was about 120 m on average. The EDS compositional line scan for Fe, Cr, and Ni reveals a transition region from 1018 base metal (left) to 309L filler metal (right) as shown in Fig. 3A . First, there was an initial, abrupt increase to ~ 7% Cr by weight and ~ 4% Ni as the scan entered the transition region. Then, over a distance of ~ 200 m, the content of Cr and Ni gradually increased tõ 20% Cr and ~ 10% Ni, similar to the bulk filler metal (fusion zone) composition.
The dilution, D, across the transition region was calculated per the following difference ratio (Ref. 36):
where C pmz represents the concentration of the selected element in the partially mixed zone (PMZ); C fm , the concentration of that same element in the filler metal; and C bm , the concentration of that element in the base metal. Average dilution, as shown in Fig. 3A , was calculated by averaging the Fe, Cr, and Ni dilution, and each concentration reading was averaged over five EDS readings. Using the dilution calculation, the carbon concentration, C C , was estimated using the rearrangement (Ref. 36 ):
Using the composition and dilution data, the martensite start temperature, M s (°C), was calculated using the empirical expression that Gittos and Gooch developed for martensitic stainless steels of compositions similar to the composition of the interfacial transition region (Ref. 37):
where w C , w Mn , w Ni , w Cr , and w Mo are the compositional weight percent for carbon, manganese, nickel, chromium, and molybdenum, respectively. Note that the calculated M s temperature would not necessarily be accurate in the 1018 steel because the empirical formulation considered only stainless steels (Ref. 36 ). From Fig. 3B , near the base metal 1018, the calculated M s temperature begins at ~ 370°C, initially drops below room temperature after ~ 100 m, rises above room temperature briefly, and finally drops to below room temperature at a distance of ~ 150 m from the 1018 base metal. Electron backscatter diffraction analysis at the dissimilar fusion weld cladding interface is summarized in Fig. 4 . The leftmost constituent in Fig. 4A was BCC in the 1018 steel heat-affected zone (HAZ). From Fig. 4B , the apparent grain size in the 1018 steel was 5-25 m, which was finer than the base metal. These grains were likely refined by the multiple welding passes. The center constituent of Fig 
darkly shaded image quality and a BCC crystal structure. The IPF orientation map in Fig. 4B showed that the center constituent exhibited very fine grains. The rightmost constituent of Fig. 4A was FCC austenite with large grains as shown in Fig. 4C . The austenite grains were columnar, with intergranular BCC ferrite as identified in Fig. 4B .
Inertia Friction Weld Interface Characteristics
Characterization of the interfacial transition region was performed on the dissimilar inertia friction butt joint weld cross-section perpendicular to the interface near the meridian. Two locations were chosen for analysis -inner (near center) and outer (near periphery). Figure 5 shows A) a SEM and B) a LOM micrograph of the inner location (near center) at the interface. Figure 5A was produced in SEM compositional mode to enhance the contrast between the 1018 steel and the 304L stainless steel. Three 500-g load Vickers microhardness measurements are shown. The measurement in the 1018 steel HAZ was 184 HV, and both measurements in the 304L stainless steel were 244 HV in this location. The location of the EDS compositional line scan is given in orange, and the location of the LOM image is outlined in blue. Figure 5B shows a LOM with a microhardness trace across the dissimilar inertia friction weld interface for the inner location (near center). Only one hardness reading of 370 HV is significantly higher than the others. After etching, it is observed that the high hardness reading was in a narrow region that did not respond to either etchant. This unetched layer is ~ 10 m in thickness at this location near the inertia friction weld center. Figure 6A shows the results of the EDS compositional line scan for Fe, Cr, and Ni. Consider the compositional transition in Fig. 6A from the 1018 steel bar (left) to the 304L stainless steel bar (right). The increase to ~ 13% Cr by weight and ~ 7% Ni occurs within ~ 7 m. Local dilution was estimated using Equation 1, which vanished to zero within a compositional transition region about 20 m in thickness. Note that there were oscillations in the calculated dilution within the compositional transition region. Oscillations in the dilution calculation manifested as variation in the M s temperature calculated using Equations 2 and 3 in Fig. 6B . Interestingly, the M s temperature descended below room temperature in the middle of the transition region, then rose briefly before finally descending below room temperature within the 304L stainless steel bar. The calculated M s temperatures are slightly higher for the 304L bar in Fig.  6B than for the 309L weld deposit in Fig. 3B due to the higher alloy content in the 309L weld deposit.
The SEM image of the outer location (near periphery) for the dissimilar inertia friction weld interface in Fig. 7A shows three 500-g load Vickers microhardness measurements. The hardness measurement at the interface is a relatively high 343 HV. The location of the EDS compositional line scan is given in orange, and the location of the LOM image is outlined in red. Figure 7B shows a LOM with a microhardness trace across the dissimilar inertia friction weld interface for the outer location (near periphery). Six hardness readings were > 300 HV, including two readings that were > 500 HV. After etching, it was observed that the high hardness readings were in a narrow region that did not respond to either etchant. This unetched layer was ~ 70-80 m in thickness at this specific location near the inertia friction weld periphery. Figure 8A 
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region and finally descended below room temperature within the 304L stainless steel bar. The EBSD analysis for a location near the periphery of a dissimilar inertia friction butt joint is summarized in Fig. 9 . The average confidence index was 0.12. The cleaned-up image in Fig. 9A distinguishes between FCC and BCC phases. Note that EBSD analysis cannot differentiate BCT and BCC phases. The cleaned-up IPF orientation map in Fig. 9B includes both BCC and FCC phases. The lighter shaded regions in the image quality map, Fig. 9C , correspond with the FCC austenite constituent in Fig. 9A . The image quality map in Fig. 9C was recorded before cleanup, and the dark gray regions indicate low image quality that could be introduced by grain boundaries or martensite (Ref. 38) . Austenite was the FCC constituent, and ferrite and martensite were indexed as BCC, although martensite has a BCT structure. The microstructural developments for areas A and B (outlined by arrows) as well as area C will be discussed subsequently in Section 4.
HRB Cladding Interface
The interface for the HRB cladding of 304L stainless steel on S235JR steel plate consisted of an abrupt microstructural transition from base metal to cladding as shown in Fig.  10 . The SEM image in Fig. 10A was produced in the secondary electron mode. Figure 10B shows a LOM with residual impressions from microhardness indents at the interface. The microhardness was 122 HV in the 1018 steel, 128 HV at the interface, and 221 HV in the 304L stainless steel cladding. There was not a high hardness region that would indicate existence of martensite. Upon examination of 10 mm of the etched cladding interface, no distinct interfacial region was observed that would indicate existence of martensite.
Similarly, the EDS scan of the interface for the HRB cladding revealed a rapid or stepwise transition as shown in Fig. 11 . The orange line in Fig. 10 marks the location of this EDS scan. Note that the scale of the horizontal axis is much WELDING RESEARCH WELDING JOURNAL / FEBRUARY 2019, VOL. 98 56-s Fig. 11. 
Fig. 9 -EBSD at the interface of the inertia friction weld of 1018 steel to 304L stainless steel: A -Phase map with image quality map shading; B -inverse pole figure (IPF) grain orientation map for BCC and FCC; C -image quality map. Small arrows indicate likely prior austenite grain boundaries.
Fig. 10 -HRB cladding interface between 1018 steel and 304L stainless steel: A -SEM image; B -LOM (HCl etch). Note the location of the EDS line scan in
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C smaller than the scale for the EDS scans for the fusion cladding ( Fig. 3 ) and friction weld ( Figs. 6 and 8 ). Though the transition is narrow, the transition behaviors of the Cr and Ni are different at the interface. The Cr transition is slightly more gradual, increasing to ~ 18% Cr in a transition region of ~ 6 m in thickness. However, the Ni transition is more abrupt, increasing to ~ 10% in ~ 2.5 m. Figure 11B shows that because of the narrow transition from mild steel to 304L cladding, the M s temperature decreases rapidly from 400°C at which martensitic transformation is not likely to occur, to below room temperature, with no significant undulation. It indicates that martensite interlayer formation will be significantly suppressed at this interface, which is in agreement with the EBSD analysis results. The SEM image of the EBSD scan area is shown in Fig. 12A . The image quality map in Fig. 12B was recorded before cleanup. The average confidence index was 0.71. The phase map in Fig. 12C distinguishes between FCC and BCC constituents. The IPF orientation maps for FCC and BCC are shown in Fig. 12D and E, respectively. From this analysis, no obvious martensite phase was identified at the interface. It is noted that there appear to be small (< 1 m) regions of low-image-quality BCC material at the interface marked by arrows in Fig. 12C .
Discussion
Detrimental Features in Corrosion Resistant Claddings
The cladding analysis will be discussed in terms of two types of detrimental features. Firstly, cracking in fusion welds of 316 stainless to alloy steel (Ref. 18 ) has been linked to a "light etching" (by 2% Nital) constituent at the dissimilar weld interface, which was identified as martensite (Ref. 39 ). Gittos showed that the presence of interfacial martensite could increase the risk of hydrogen embrittlement (Refs. 13, 14) . In fracture toughness tests, some failures occurred adjacent to the hard zone (Ref. 37) . Compositional mixing in the weld region plays the primary role in martensite formation (Ref. 40) . A tie line on the Schaeffler diagram is often used to predict the fusion zone composition by accounting for bulk dilution. Any tie line drawn from a mild steel base metal composition to an austenitic stainless steel weld filler metal composition on the Schaeffler diagram traverses the martensite phase stability region. Therefore, martensite is theoretically inevitable near the interface in the compositional transition region (Ref. 19 ). Indeed, Gittos and Gooch showed that partial mixing near the dissimilar weld interface resulted in "swirls" wherein martensite with hardness up to ~ 500 HV formed (Ref. 37 ). Nelson et al. confirmed the presence of martensite in the PMZ of dissimilar welds (Ref. 20) . For postweld heat-treated (PWHT) claddings, a large compositional transition region has been linked to interfacial martensite and subsequent hydrogen cracking (Refs. 13, 14) .
Secondly, cracking in dissimilar fusion welds of stainless steel to mild steel has been linked to the coarse austenite grains near the dissimilar interface (Refs. 14, 17 
Fusion Cladding Interface
This study relied upon multiple tests to confirm the pres-WELDING RESEARCH FEBRUARY 2019 / WELDING JOURNAL 57-s
Fig. 11 -HRB cladding interface between 1018 steel and 304L stainless steel: A -Composition and dilution gradient; B -calculated martensite start temperature.
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ence of martensite and estimate the interfacial martensite layer thickness. For the dissimilar fusion weld of stainless steel to low-carbon steel, there are five corroborating indications: 1) A continuous "light etching" constituent is identified at the dissimilar interface in Fig. 2B . A similar light etching constituent at the interface was identified as martensite by Nath for 2.25Cr1Mo fusion clad with Type 316 stainless steel (Ref. 18) , and by Chandel and Orr for 2.25Cr1Mo fusion clad with Type 309L stainless steel (Ref. 39) .
2) Hardness in the light etching region is much higher than that of either base metal as revealed in Fig. 2A and B . This elevated hardness is characteristic of martensite that forms in dissimilar welds (Ref. 37) .
3) Compositional mixing in the PMZ results in the transition zone in the EDS scan in Fig. 3A . Similar to the work of DuPont and Kusko (Ref. 36) , the Gooch equation for M s temperature provided an explanation for partial transformation of the transition zone to martensite upon cooling to room temperature (Fig. 3B ). 4) Using EBSD, the interfacial region exhibits low image quality as shown in Fig. 4A , which is indicative of martensite (Ref. 38).
5) The interfacial region indexes as ferrite (BCC) by EBSD analysis software as shown in Fig. 4A . Note that EBSD cannot distinguish BCC ferrite from BCT martensite since martensite is only slightly tetragonal (Ref. 38) .
These five indications demonstrate martensite formation at the fusion cladding interface. The "Type II" austenite grain boundary identified by Nelson et al. (Ref. 20) is not clearly indicated in the present study. However, the individual austenite grains are quite large as shown by Fig. 4C . Also, several EDS scans demonstrate that in the 309L deposit, locations of high Cr correspond to locations of low Ni (one ex-ample is Fig. 3A at ~ 300 m) . This correspondence of high Cr with low Ni suggests locations of -ferrite along the cores of the primary and secondary dendrite arms that did not transform to austenite (Ref. 35 ). This vermicular ferrite structure suggests that the 309L weld metal solidified by primary ferrite solidification (Ref. 45 ).
Inertia Friction Weld Interface
The same five indications previously described to verify martensite formation for the fusion cladding are also observed for the inertia friction weld: 1) An interfacial "light etching" constituent is identified at the dissimilar interface in Figs. 5B and 7B; 2) the same figures show that hardness in the light etching region is higher than that of either base metal; 3) a compositional transition zone is revealed in the EDS scan in Figs. 6A and 8A; EBSD analysis shows that interlayers in the interfacial region 4) exhibit low image quality; and 5) index as ferrite (BCC) in Fig. 9 .
The compositional interlayers, specifically, are interesting, because bulk melting does not occur during friction welding (Ref. 46 ). The mechanical mixing that occurs during dissimilar IFW caused interlayers of compositional diversity. The layered martensite morphology for the inertia friction welds suggests that martensite transformation occurs in compositionally mixed regions that favored its formation. Whereas for the fusion cladding, compositional mixing in the PMZ occurs in the mushy (solid  liquid) state (Refs. 47, 48) , and some compositional segregation occurs during solidification (Ref. 49) . Then martensite forms upon cooling. Thus, the martensite in fusion welding exhibits a jagged edge, protruding into the weld deposit (Ref. 19 ). The EBSD analysis in Fig. 9 was performed at a different location than the EDS scan in Fig. 8, but Fig. 9 , thin (~ 1 m), discontinuous martensite layers were observed, surrounded by small austenite grains. Higher resolution of the EDS analysis would enable a reduction of noise in the data, and may result in the prediction of interlayers of austenite within the martensite layer using the Gooch equation. Grains A, B, and C in Fig. 9 indicate interesting microstructural developments. Grain A is mostly colored yellow in the IPF map in Fig. 9B , and small arrows outline the likely prior austenite grain boundary. Two multicolored (i.e., indexing for multiple orientations), fine-grained interlayers protrude through grain A and into adjacent grains. These interlayers exhibit low image quality and structure indexed as BCC, indicating that the interlayers are martensitic. Similarly, grain B is mostly colored green in the IPF map in Fig. 9B , and small arrows outline the likely prior austenite grain boundary. There are also martensitic interlayers within grain B. Additionally between some of the low image quality regions are higher image quality regions that index as BCC crystal structure. Whereas the low image quality, BCC-indexed regions indicate martensite (Ref. 38) , the high image quality, BCC-indexed regions indicate ferrite. Grain C (colored pink in the IPF map in Fig. 9B ) is one example of such a ferrite grain. Grain C exhibits high image quality. Thus, there appear to be martensite and ferrite interlayers within the austenite grains, suggesting that mechanical mixing of the dissimilar alloys caused streaks of compositional differences within FCC austenite grains promoted phase transformation during cooling. BCT products (martensite) formed by an athermal, diffusionless transformation mechanism (Ref. 50) while BCC products (ferrite) formed through a nucleation and growth mechanism (Ref. 51 ). The nonetching interlayers from LOM may correspond with these interlayered constituents.
The compositional difference between the fusion cladding alloy (E309L) and the inertia friction weld cladding alloy (304L) in this study merit brief comment regarding the effect of the composition on the tendency to form martensite at the interface. Ignoring dilution near the interface, the Type 309L alloy with elevated Cr and Ni additions would result in less martensite (Ref. 52). Therefore, one might expect that inertia friction cladding of Type 309L stainless steel would result in a further reduced tendency to form martensite than an inertia friction cladding of Type 304L.
HRB Cladding Interface
The absence of martensite for the HRB cladding interface can be deduced using the five indications described to verify martensite formation for the fusion cladding. For the HRB cladding, there is no light etching constituent (# 1) or elevated hardness at the interface (# 2) in Fig. 10 . There is a compositional transition region (# 3) shown in Fig. 11 , but this region is only ~ 6 m in thickness (for Cr). The compositional transition region for the HRB cladding in this study is half the thickness of that in the study by Xie et al. (Ref. 28) , possibly due to differences in heating and cooling rates, and processing times and temperatures. Arrows in Fig. 12C point out some small grains that exhibit low image quality (# 4) along with the BCC crystal structure (# 5) in Fig. 12 . It is possible that these < 1 m grains are martensitic in nature. Transmission electron microscopy and nanohardness would be suitable techniques to enable confirmation of this assertion.
HRB cladding is a solid state process, but incorporates high-temperature heating (e.g., 1200°C) for longer times (~ 1 h) (Ref. 28 ) than friction welding (~ 2 s for the welds in this study) and slow cooling rates due to batch processing. With the longer times at elevated temperature, the faster diffusion rate (more diffusional spreading) of Cr as compared to Ni (Ref. 53) is evident from Fig. 11A . In addition, this extended heating time for HRB claddings is likely the reason for the larger austenite grain size as observed in Fig.  1D . Additionally, HRB cladding is less likely than dissimilar IFW to result in mechanical mixing of the dissimilar metals since there is less motion of one work-piece relative to the second during processing, i.e., little or no mechanical work occurs (Refs. 54, 55).
Base Metal Microstructure
Although the M s temperature for the base low-carbon steel was predicted to be ~ 400°C by the Gooch equation as shown on the left side of Figs. 3, 6, 9, and 11, a martensitic microstructure was not observed in the base steel near the interface. This deviation from the Gooch equation prediction occurs because the Gooch equation applies best to martensitic stainless steels with elevated Cr and is not necessarily appropriate for low-carbon steel (Ref. 19 ). Note, however, that the M s temperature for a low carbon-steel similar to AISI 1018 actually agrees somewhat with the Gooch M s prediction of ~ 400°C (Ref. 56). Thus, the main reason that the low-carbon steel in this test did not form martensite was that the cooling rate was not rapid enough. Cooling from 800° to 500°C (t ) would have had to take place within ~ 1 s to promote the formation of martensite for the low-carbon steel compositions in the present study (Ref. 56) . But for all of the processes in the present study, the cooling rate (t ) was much greater than 1 s, thus resulting in a ferrite plus second phase microstructure (Ref. 9).
Comparison of the Cladding Processes
With regard to cladding applications in petrochemical processes, the two deleterious issues highlighted in the discussion were 1) cracking due to a martensite phase at the fusion cladding interface, and 2) formation of a Type II austenite grain boundary (Ref. 14) .
Martensite was identified in the compositional transition region for the fusion weld cladding and the inertia friction weld in this study. However, the thickness and morphology of the martensite layer was different for each process. For the fusion weld cladding, the martensite layer was continuous and relatively thick: generally > 100 m. For the inertia friction weld inner and outer locations, respectively, the region of martensite interlayers ranged from 20 to 80 m in thickness. However, the EBSD analysis indicated that the martensite exists in fine, discontinuous interlayers, which is presumably less detrimental to mechanical integrity than a continuous martensite layer. For the HRB cladding only small (< 1 m) possible martensitic regions were inferred from the EBSD WELDING RESEARCH FEBRUARY 2019 / WELDING JOURNAL 59-s analysis. Thus, the best hydrogen service performance for claddings that undergo PWHT could result from firstly, the HRB cladding, with its narrow compositional transition region, and secondly the dissimilar inertia friction weld. On the other hand, the fusion weld cladding, with its large compositional transition region, could lead to poor performance. For each of the cladding processes in this study, Table 2 summarizes the qualitative comparison of the microstructural features: martensite interlayer and austenite grain morphology.
For non-PWHT claddings, delayed cracking of rapidly cooled, hydrogen-charged specimens has been linked to hydrogen concentration at the high-angle Type II austenite grain boundaries (Refs. 42, 43) . In this study, the austenite grain size near the interface varied greatly between the cladding processes. Firstly, for the fusion weld cladding, the austenite grains were columnar, > 70 m in thickness and ~ 40 m in width, elongated perpendicular to the interface. For the inertia friction weld cladding, the austenite grains were ~ 5 m in thickness and ~ 15 m in width, elongated parallel to interface. The rapid heating and cooling for IFW suppressed significant austenite grain growth. However, for the HRB cladding, the austenite grains were larger (30-60 m) and equiaxed, similar to the grain size of the base stainless steel. Thus, for the case of rapidly cooled hydrogen-charged claddings, where large austenite grain size may cause cladding disbonding, the best performance would be expected from the dissimilar inertia friction weld (with its fine austenite grain size) (Ref. 44 ).
Conclusions
In this study, the interfaces of claddings made by three different processes were compared in terms of the microhardness, composition, phase, morphology, and etching response. Five criteria were presented for identification of interfacial martensite for metallurgically bonded austenitic stainless steel claddings. The fusion weld cladding of 1018 steel with 309L stainless steel exhibited a continuous, thick (> 100 m) region of martensite and large (> 70 m thick) austenite grains due to partial mixing, solidification, and subsequent phase transformation. Dissimilar inertia friction welds of 1018 steel to 304L stainless steel exhibited interspersed, thin (~ 1 m) and discontinuous martensite interlayers as well as thin (~ 5 m) austenite grains due to mechanical mixing of the dissimilar compositions and rapid heating and cooling. Although no martensite could be resolved, the presence of fine (< 1 m) martensite could not be ruled out for HRB claddings of 304L stainless steel on low-carbon steel. The HRB claddings had large (30-60 m) austenite grains due to extended processing time at elevated temperature. Dissimilar inertia friction welds show good potential for improved interfacial microstructure in cladding applications due to their fine austenite grains and limited presence of discontinuous interlayer martensite.
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